Factor H binding protein (FHbp) is a component of two licensed vaccines for prevention of sepsis and meningitis caused by serogroup B meningococci. FHbp binds human Factor H (FH), which contributes to evasion of host immunity and FHbp sequence variants can be classified into two sub-families. Antibodies against FHbp elicit complement-mediated killing and can inhibit recruitment of FH to the bacterial surface. We report epitope mapping studies of two murine IgG mAbs, designated JAR 31 and JAR 36, isolated from a mouse immunized with FHbp in sub-family A, which is present in w30e40% of invasive isolates. In the present study, we tested the reactivity of mAbs JAR 31 and JAR 36 with seven natural FHbp sequence variants from different phylogenic groups. We screened bacteriophage-displayed peptide libraries to identify amino acid residues contributing to the JAR 36 epitope. Based on the reactivities of mAbs JAR 31 
Introduction
Factor H (FH) is an important down-regulatory protein of the alternative complement pathway and binding of FH to microbial pathogens contributes to evasion of host-mediated immunity [1, 2] . FH-binding protein (FHbp) is a surface-exposed lipoprotein that recruits human FH to the surface of meningococci [3] . Recombinant FHbp is part of two licensed vaccines, which are referred to as MenB-FHbp (TrumenbaÒ) and MenB-4C (BexseroÒ), for prevention of meningococcal disease caused by serogroup B strains [4] .
Antibodies to FHbp activate complement-mediated bactericidal activity [5, 6, 7] and also inhibit binding of FH to the bacteria [3] , which increases susceptibility of the organisms to complement-mediated bacteriolysis [8, 9] . The development of broadly protective protein-based meningococcal vaccines requires overcoming two limitations of the FHbp antigen. First, FHbp exists in two antigenic sub-families with no cross-protective activity between sub-family A (which can be subdivided into variant groups 2 and 3 [5] ) and sub-family B (variant group 1) [6] . Therefore, two or more FHbp variants might be necessary to elicit protective immunity against the majority of strains. Second, FHbp has low expression in many strains, which limits susceptibility to anti-FHbp bacteriolysis [10, 11] ; thus, other protein antigens might be needed to confer broad protection against meningococci.
In previous studies, we prepared 13 murine anti-FHbp mAbs against representative FHbp sequence variants from the three major phylogenic variant groups [7, 12, 13] .
Against strains with low to moderate FHbp expression, no individual mAb had complement-mediated bactericidal activity but certain pairwise combinations of anti-FHbp mAbs were able to activate complement-mediated bacteriolysis (i.e., cooperative or synergistic anti-FHbp mAb bactericidal activity [8, 12, 14, 15] ). To define the regions of FHbp recognized by the different mAbs in previous studies, we used multiple sequence alignments of reactive and non-reactive FHbp sequence variants [12] , a random mutant FHbp library expressed on the surface of yeast [13, 16] or peptide phage display [14] , each coupled with site-specific mutagenesis, to identify amino acid residues that affected mAb binding. Collectively, the data suggested that the distances between epitopes recognized by different combinations of mAbs were important for the ability of two IgG molecules to engage C1q, activate the classical complement pathway and elicit cooperative bactericidal activity [12] . Recently, crystal structures of two FHbp-Fab complexes were used to elucidate the structural basis for cooperative mAb bactericidal activity [15, 17] .
Because of the central role of FHbp in meningococcal pathogenesis [3, 8, 18, 19, 20] , and the inclusion of this antigen in the development of two licensed vaccines [21, 22] , it is important to increase our understanding of the mechanisms by which anti-FHbp antibodies elicit cooperative complement-mediated bactericidal activity. The purpose of the present study was to identify FHbp amino acid residues affecting binding by two anti-FHbp mAbs, designated JAR 31 and JAR 36, which are two anti-FHbp mAbs whose epitopes remained undefined. The epitopes recognized by these mAbs were of interest because in previous studies the two mAbs crossreacted with all FHbp amino acid sequence variants tested from FHbp sub-family A [11, 12, 13] and JAR 36 was previously reported to elicit cooperative complement-mediated bacteriolysis when tested with other anti-FHbp mAbs [12] .
Materials and methods

Peptide selection
Peptides that bound to mAb JAR 36 were selected by panning five phage libraries constructed in the two-gene phagemid vector pC89 [23] . Details on the construction of the libraries, designated as pVIII-9aa, pVIII-12aa, pVIII-9aa.Cys, pVIII-Cys.Cys and pVIII-15aa, have been already described in detail elsewhere [23] .
Specific phage clones were isolated from the libraries by immuno-affinity selection, using two different techniques to minimize the risk of selecting non-specific clones.
In the biopanning approach, 1 mg/ml of JAR 36 mAb was incubated overnight at 4 C with 10 10 transducing units of each library, in a total volume of 20 ml of PBS. The mixture was incubated with 0.8 mg of biotinylated goat anti-mouse IgG antibody (Fc specific, Sigma, St Louis, MO, USA), which had been pre-adsorbed overnight at 4 C with 3 Â 10 10 UV-inactivated M13 KO7 phage particles to prevent non-specific binding. This mixture was added to a streptavidin-coated 6 cm Falcon 1007 Petri dish and incubated for 10 min at room temperature. After 10 washes with 1 ml of washing solution, bound phages were eluted with 800 ml 0.1 N HCl, adjusted to pH 2.2 with glycine and 10 mg/ml BSA. The solution was neutralized using 60 ml of 2 M TriseHCl, pH 9.6 and the phage were amplified by infecting Escherichia coli TG1 cells. The second and third rounds of selection were done in the same way, except 10 ng/ml and 1 ng/ml of the mAb were used, respectively.
In the Dynabeads approach, the JAR 36 mAb (1 mg/ml) was incubated with magnetic beads conjugated with protein G (50 mg protein G-DynabeadsÒ, Dynal, Norway) for 1 h at room temperature under agitation. The beads were washed 3 times with washing solution (PBS, 0,5% Tween-20), and approximately 10 10 ampicillintransducing units of library preparation (w10 11 phage particles) in a volume of 100 ml, were added to 900 ml of blocking solution (PBS, 5% non-fat dry milk, 0.05% Tween-20) and agitated for 3e4 h at room temperature. After 10 washes with 1 ml of washing solution, bound phages were eluted with 500 ml 0.1 N HCl, adjusted to pH 2.2 with glycine and 10 mg/ml BSA. The solution was neutralized and the phages were amplified by infecting E. coli TG1 cells. The second and third rounds of panning were performed as described above, but using 10 10 ampicillintransducing units obtained from the first and the second round of amplified phage pools, respectively.
For each library, either individually or in combination, three rounds of selection were performed using the JAR 36 mAb as bait. After each selection cycle, the reactivity of enriched pools was tested by phage ELISA as described below, using the pC89 phage vector (not encoding a foreign peptide) as a negative control, in order to detect presence of JAR 36-specific clones in the selected mixtures containing foreign peptides.
The observed frequency is defined as the ratio between the number of times an amino acid is observed versus the total number of amino acids in sequenced peptide clone inserts; the expected frequency is the ratio between the number of different codons in the library for each amino acid and the total number of different codons that are present in the inserts in each phage library. For the construction of pVIII-9aa and pVIII9aa. Cys libraries all 64 codons were used; for the pVIII-Cys.Cys and pVIII-15aa libraries only 32 codons were used (NN C/G); and for the pVIII-12aa library the most frequently used codon for each of the 20 amino acids, according to a codon usage table for highly expressed genes in E. coli [24] , were used. Positive phage clones were identified through immunoscreening as described previously [25] . 
Direct binding ELISA
Construction of site-specific mutants
Site-specific mutants were chosen by targeting charged residues (D or K) that were overrepresented in phage peptide inserts (Table 1 ), were present in the last 70 residues of the FHbp ID 28 sequence and that were predicted to be surface-exposed based on the crystal structure of FHbp in a complex with a fragment of human FH [26] . The sequences of the mutagenic oligonucleotides were: K199A_fwd, GCAGCAGATGAAAAATCA-CACG; K199A_rev, GAGTTCGGCGGCGGCA; D201A_fwd, GCTGAAAAATCA-CACGCCG; D201A_rev, TGCTTTGAGTTCGGCGG; K203A_fwd, GCATCAC ACGCCGTCAT; K203A_rev, TTCATCTGCTTTGAGTTCGGC; D211A_fwd, GCCACGCGCTACGGCAGC; D211A_rev, GCCCAAAATGACGGCGT; K241A_ fwd; GCGATAGGGGAAAAGGTTCACGAAATC; K241A_rev: CACGGTTGCC-GAGCCG; K245A_fwd, CAGTTCACGAAATCGGCATC; and K245A_rev, CTTC CCCTATCTTCACGGTTGC; mutated nucleotides in the forward oligonucleotide sequences are underlined. The oligonucleotides were phosphorylated with T4 polynucleotide kinase (New England Biolabs, Ipswich, MA) prior to PCR amplification. Mutants were constructed using the Phusion Site-Directed Mutagenesis Kit (Thermo Scientific, Waltham, MA) using the manufacturer's protocols. The mutagenesis reactions were transformed in to chemically competent E. coli DH5a (Invitrogen, Carlsbad, CA) and independent mutant clones were verified by DNA sequencing (Davis Sequencing, Davis, CA).
Purification of recombinant FHbp
The wild-type FHbp ID 28 and site-specific mutant proteins were expressed from the T7 promotor using the E. coli plasmid pET21b (Novagen, Madison, WI) as described previously [5, 27] . The recombinant proteins were purified by immobilized metal ion chromatography using Ni-NTA agarose (Qiagen, Valencia, CA) as described previously. Purified FHbps were dialyzed against PBS, sterilized by filtration (Millex 0.22 mm; Millipore, Billerica, MA), and stored at 4 C prior to use. The protein concentrations were determined by UV absorbance (Nanodrop 1000, Wilmington, DE) based on the extinction coefficient calculated from the amino acid sequence [28] .
Binding of anti-FHbp mAbs and human FH to FHbp
Binding of anti-FHbp mAbs to purified recombinant FHbp was measured by ELISA.
Purified FHbp (2 mg/ml) was adsorbed to the wells of a microtiter plate overnight, which subsequently were blocked with PBS containing 0.1% (v/v) Tween-20 (Sigma-Aldrich, St. Louis, MO) and 1% (w/v) BSA. Anti-FHbp mAbs were added at concentrations ranging from 0.008 to 25 mg/ml and incubated for 1 h at 37 C.
Bound antibody was detected (1 h at room temperature) with goat anti-mouse IgG conjugated with alkaline phosphatase (AP) (Invitrogen, Carlsbad, CA). After 30 min of incubation with p-nitrophenyl phosphate (1 mg/ml; Sigma) at room temperature, the optical density at 405 nm was measured.
To measure binding of human FH to FHbp, an ELISA was employed with the same coating and blocking steps as above. Human FH (Complement Technology, Inc., Tyler, TX) was added at concentrations from 0.008 to 25 mg/ml and incubated for cam, Cambridge, MA; 1:7,000) and donkey anti-sheep IgG conjugated with AP (Sigma-Aldrich, St. Louis, MO; 1:10,000). Development was performed as described above.
For measuring inhibition of binding of anti-FHbp mAbs to FHbp, JAR 31 was harvested from hybridoma culture supernatant, purified by chromatography using a protein G column (HiTrap Protein G HP 1 ml, GE Life Sciences) and conjugated to AP (EasyLink Alkaline Phosphatase Conjugation Kit, AbCam) according to the manufacturer's protocol. Equal volumes of AP-conjugated JAR 31 (2 mg/ml) and antiFHbp mAb inhibitors (starting concentration of 40 mg/ml) were premixed and 100 ml were added to the wells of a microtiter plate that had been sensitized and blocked as described above. After addition of the antibody mixtures, the reactions were incubated for 2 hours at room temperature. The alkaline phosphatase was detected as described above.
Cooperative complement-mediated bactericidal activity
Human complement-mediated bactericidal activity was measured against serogroup B strains 8047 and M1239 as previously described [29] . The complement source was serum from a healthy adult obtained under a protocol that was approved by the UCSF Benioff Children's Hospital Oakland Institutional Review Board (IRB). Written informed consent was obtained from the subject. The serum had normal hemolytic complement activity and no detectable serum bactericidal activity against the two strains. The serum was depleted of IgG using a protein G column (HiTrap Protein G, GE Life Sciences, Piscataway, NJ) as previously described [30] to remove non-bactericidal IgG antibodies. The bactericidal concentration (BC 50 ) was calculated as the interpolated mAb concentration that yielded a 50% decrease in colony forming units (cfu)/ml after 60-min incubation compared with cfu/ml in negative control wells at time zero.
Results
Reactivity of JAR 31 and JAR 36 mAbs with different FHbp sequence variants
FHbp can be classified into modular groups [11, 31] based on different combinations of five variable segments, each encoded by genes from one of two lineages (shown in and all have E.2 type V E segments. The amino acid sequences of the six distinct V E segments are shown (Fig. 1, Panel B) .
As a control, mAb JAR 5 [7] , reacted with FHbp ID 1 and 15 in sub-family B but not with any of the sequence variants in sub-family A (Fig. 2, Panel C) . The mAb JAR 5 also reacted with the chimeric FHbp ID 207. Binding of JAR 5 is specific for FHbp variants in sub-family B, and the epitope is located in the regions of residues 84e91
and 115e123 [15] in variable segment C (V C ) (Fig. 1, Panel A) .
To test whether the JAR 31 and JAR 36 mAbs recognized overlapping epitopes, we used non-labeled mAbs to inhibit binding of alkaline phosphatase-labeled JAR 31 to the nominal FHbp ID 28 antigen by ELISA. Both JAR 31 and JAR 36 yielded 95%
inhibition at the highest concentration tested, 20 mg/ml (Fig. 3) . JAR 33, which was another mAb raised against FHbp ID 28 that recognizes an epitope involving residues R180 and E192 in the C-terminal domain [12] , was used as a negative control and gave <25% inhibition at the highest concentration tested.
Peptide phage display
Based on data that the two mAbs reacted with the same FHbp sequence variants (Fig. 2) , we sought to identify the epitope recognized by one of the mAbs, JAR 36, by peptide phage display. We screened five filamentous phage libraries displaying random peptides of different lengths fused to the N-terminus of the coat protein VIII (pVIII). Forty-five JAR 36-specific positive clones were identified and the sequences of the respective PCR amplified DNA fragments were determined. Among these clones were 15 independent peptide sequences, each of which showed an optical density !0.45 by ELISA (Table 2) . Direct comparison of the peptide sequences isolated from phage display experiments did not allow us to identify a consensus sequence among the JAR 36-reactive peptides. Using an approach that we had shown to be successful in similar cases [32, 33, 34] , we predicted that the most abundant amino acids in the bound peptides might be important for the interaction between the immunogen and the mAb. The observed frequency of each amino acid in the mimotopes and the expected frequency of each amino acid in the collective libraries were used to calculate a ratio representing the relative frequency ( Table 1 ). The results indicated higher occurrences of aspartate (D), glycine (G), lysine (K) and tryptophan (W), each with a normalized ratio >2.0 (Table 1) . Tryptophan does not occur in any known FHbp sequence [11, 35] , and glycine has a hydrogen atom as its side chain. Consequently, we predicted that the electrostatically charged residues D or K likely contribute to the JAR 36 epitope.
Site-specific mutagenesis of D and K residues
Since JAR 31 and JAR 36 reacted with FHbp sequence variants containing variable E (V E ) segments from lineage 2 ( Fig. 1, Panel A) , we focused our attention on the amino acid residues, D and K, that were over-represented in the phage peptide sequences, and that were located between positions 186 and 255 of FHbp ID 28
( Fig. 1, Panel B) . This region of FHbp contained three D and six K residues that were conserved in V E segments from lineage 2 ( Fig. 1, Panel B) . To decrease further the number of possible residues to test experimentally, we examined the positions of the D and K residues in the structure of FHbp ID 28 (Fig. 4) . Seven of the nine D or K residues occurred in two clusters near the FH binding site of the protein, which was consistent with previous observations that JAR 36 inhibits binding of FH to
FHbp [12] . Cluster 1 included K199, D201 and K203 on one end of the C-terminal beta-barrel domain, and Cluster 2 included D211, K219, K241 and K245 on the other end of the beta-barrel. coordinates were from the crystal structure of FHbp ID 28 in a complex with FH domains 6 and 7, which were omitted for clarity (PDB accession number 4AYI) [36] . The figure was generated using PyMol We substituted the codons for the three residues in Cluster 1 and three of the four residues in Cluster 2 with codons encoding alanine (A) and expressed and purified the FHbp mutants. JAR 31 and JAR 36 reacted similarly with the wild-type FHbp ID 28 and the Cluster 1 mutant K199A, slightly less with the K203A mutant and not with the D201A mutant (Fig. 5 , Panels A and C, respectively for JAR 31 and JAR 36). As a positive control to demonstrate that the D201 mutant was not structurally impaired, we tested binding of anti-FHbp mAb JAR 33, which reacted similarly with the native ID 28 and all six of the mutants (Fig. 5, Panel B) . As a further probe of the conformational integrity of the Cluster 1 mutants, we tested binding of human FH, which interacts with both structural domains of FHbp. FH bound to the WT FHbp and to the D201A and K203A mutants similarly (Panel D). Whereas the K199A mutant bound to all three mAbs similarly to WT FHbp, this mutant had w10-fold decreased binding of human FH, which also was observed in a previous study using surface plasmon resonance [36] . The decreased binding of FH by the K199A mutant, but preserved binding of the three anti-FHbp mAbs indicates that this substitution specifically affects FH binding.
Alanine substitutions of three residues in Cluster 2 had no effect on binding of JAR 31 or JAR 33 (Fig. 5 , Panels E and F, respectively). Although we did not substitute the Cluster 2 residue K219 in the present study, the asparagine (N) substitution, K219N, did not decrease binding of JAR 31 in a related FHbp variant, ID 22, in recent study [37] or in FHbp ID 28 (R. Rossi and P.T. Beernink, unpublished data).
Cooperative mAb bactericidal activity
Finally, we tested combinations of JAR 31 or JAR 36 with other anti-FHbp mAbs for cooperative bactericidal activity. Either mAb was bactericidal in combination with anti-FHbp mAb JAR 11 or JAR 13 (Table 3) , which were raised against FHbp ID a Reactive residue(s), amino acid residue affecting epitope expression [12, 14] . b FHbp ID numbers are from the database at http://pubmlst.org/neisseria/fHbp/ and the corresponding variant groups and modular groups are shown in Fig. 1 
Discussion
Knowledge of the locations of the epitopes recognized by anti-FHbp mAbs has been used for the rational design of recombinant FHbp molecules capable of eliciting broad serum bactericidal antibody responses across strains with FHbp in subfamilies A or B [27, 38] . The amino acid residues affecting the epitope(s) of antiFHbp mAbs JAR 31 and JAR 36 had not been defined, in part because these mAbs reacted with all of the FHbp sequences tested from sub-family A. These two mAbs have been useful in previous studies to distinguish FHbp variants [12, 27] , and to provide relative or absolute quantification of FHbp expression by strains [11, 39] .
In the present study, we used a combination of peptide phage display approaches, which had been successful in identifying the epitope of another cross-reactive anti-FHbp mAb, JAR 4 [14] . With JAR 36, however, we did not identify a consensus peptide sequence from the phage display studies that also was present in the FHbp sequence. Among the peptides bound by JAR 36, however, we identified several amino acid residues, D and K, that occurred more frequently than by chance. Using Residues previously reported to be important for anti-FHbp mAb recognition of FHbp in sub-family A were K174, R180, E192 and S216 [12] . The residues D201 and K203 that affect binding of JAR 31 and JAR 36 to sub-family A FHbp variants also are situated in this region. D201 also is present in JAR 31 and JAR 36 non-reactive sequences from sub-family B. Therefore, the presence of D201 is necessary but not sufficient for binding and neighboring residues present in nonbinding sub-family B FHbp variants may affect the conformation of the epitopes recognized by JAR 31 and JAR 36. The preceding residue, 200, is A in subfamily A sequences, which bind JAR 31, and proline (P) in non-binding sub-family B sequences; however, substitution of A200 with P also did not affect reactivity with JAR 31 (authors' unpublished data).
JAR 31 and JAR 36 elicited cooperative bactericidal activity with JAR 11 and JAR 13. The latter two mAbs recognize epitopes containing A174, which is 20e28 A from D201, and S213, which is 27e31 A away. JAR 31 and JAR 36 were not bactericidal with JAR 4, which recognizes D25-K27 (26e35 A), or with JAR 10, which recognizes R180/E192 (22e30 A) [12] . JAR 31 and JAR 36 also were not bactericidal with JAR 32 or 35, which recognize a residue at the same position as JAR 11, or with JAR 33, which recognizes residues at the same positions as JAR 10 [12] . Taken together, the distances between epitopes recognized by cooperative versus non-cooperative pairs of mAbs do not appear to be substantially different. Therefore, some other factor, such as the orientation of the bound mAbs likely plays a role in cooperative mAb function.
For one cooperative pair of anti-FHbp mAbs, 12C1 and JAR 5, crystal structures of their respective Fab fragments bound to FHbp have been determined [15, 17] .
A model of the ternary complex between the two Fabs and FHbp show that they bind adjacent, non-overlapping epitopes on FHbp. Another model of the intact mAbs bound to FHbp shows that the respective Fc regions are w115e130 A apart and was proposed to be consistent with the approximate dimensions of C1q, which contains 6 globular recognition regions and is w35 nm in diameter [40] . Further structural studies of anti-FHbp mAbs bound to FHbp will better define the contributions of epitope spacing and orientation to synergistic mAb bactericidal activity.
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